Alterations in peripheral immune markers are observed in individuals with post-traumatic stress disorder (PTSD). PTSD is characterized in part by impaired extinction of fear memory for a traumatic experience. We hypothesized that fear memory extinction is regulated by immune signaling stimulated when fear memory is retrieved. The relationship between fear memory and the peripheral immune response was tested using auditory Pavlovian fear conditioning in mice. Memory for the association was quantified by the amount of conditioned freezing exhibited in response to the conditioned stimulus (CS), extinction and time-dependent changes in circulating inflammatory cytokines. Brief extinction training with 12 CS rapidly and acutely increased circulating levels of the cytokine interleukin-6 (IL-6), downstream IL-6 signaling, other IL-6 related pro-inflammatory cytokines. Transgenic manipulations or neutralizing antibodies that inhibit IL-6 activity did not affect conditioned freezing during the acquisition of fear conditioning or extinction but significantly reduced conditioned freezing 24 h after extinction training with 12 CS. Conversely, conditioned freezing after extinction training was unchanged by IL-6 inhibition when 40 CS were used during the extinction training session. In addition to effectively diminishing conditioned freezing, extinction training with 40 CS also diminished the subsequent IL-6 response to the CS. These data demonstrate that IL-6 released following fear memory retrieval contributes to the maintenance of that fear memory and that this effect is extinction dependent. These findings extend the current understanding for the role of the immune system in PTSD and suggest that IL-6 and other IL-6 related pro-inflammatory cytokines may contribute to the persistence of fear memory in PTSD where fear memory extinction is impaired.
INTRODUCTION
The fear response to a memory is diminished or 'extinguished' by neurobiological processes that are initiated when the fear response repeatedly fails to predict an actual threat (Milad and Quirk, 2012) . Persistent and powerful fear responses to remembered trauma in posttraumatic stress disorder (PTSD) are hypothesized to result from impairments in extinction processes that regulate fear memory maintenance (Rothbaum and Davis, 2003) . Although the maintenance of a retrieved fear memory can be disrupted in animal models by targeting neurobiological processes known to mediate extinction, translation of such approaches in humans does not reliably disrupt the maintenance of powerful fear responses in PTSD (Singewald et al., 2015) . Characterizing alternative biological substrates that influence fear memory extinction may provide better targets for improving fear extinction in PTSD.
Individuals with PTSD exhibit a range of altered peripheral immune markers at baseline, in response to psychological stressors, or in response to immune challenges (Breen et al., 2015; Michopoulos et al., 2016) . Baseline immune alterations include elevated peripheral serum levels of pro-inflammatory cytokines (Gill et al., 2009; Tursich et al., 2014) , increased in vitro cytokine release from peripheral blood mononuclear cells (Gola et al., 2013) , and altered proportion or activity of T lymphocytes (Jergović et al., 2014; Lemieux et al., 2008) . In addition to baseline alterations, PTSD has been associated with heightened immune responses to psychological stressors (Newton et al., 2014) and a greater likelihood of developing an autoimmune disorder (O'Donovan et al., 2015) . Despite known physiological consequences, the relevance of altered immune signaling to the lasting psychological symptoms of PTSD has not been determined.
Studies in rodents using Pavlovian fear conditioning support a role for the immune system in the formation and maintenance of fear memory. Impaired fear memory maintenance is observed in mice lacking peripheral T lymphocytes (Clark et al., 2016) . Broad antiinflammatory treatments prior to extinction training enhance contextual fear extinction and reverse fear conditioning-induced hippocampal levels of TNF-alpha (Yu et al., 2016) . Conversely, extinction acquisition is impaired by direct administration of the cytokines interferon-α or interleukin-6 (IL-6) to the amygdala prior to extinction training (Bi et al., 2016; Hao et al., 2014) . Despite previous observations using exogenous immune manipulations the role of endogenous peripheral immune responses in fear memory processes has not been well studied.
We hypothesized that alterations in immune signaling triggered by fear memory retrieval serves the maintenance of that memory. Using a mouse model of Pavlovian fear conditioning, we report that peripheral IL-6 is a key signaling mechanisms involved in a labile immune response to fear memory that also contributes to fear memory extinction. These observations provide new insights regarding the role of the immune system in modulating the maintenance of fear memory.
MATERIALS and METHODS

Animals
C57BL/6J and IL-6-deficient mice (IL-6 −/− ) were from Jackson Laboratory (Bar Harbor, ME, USA) and subsequently bred in-house at the Yerkes National Primate Research Center at Emory University or George Washington University. Mice were group housed in ventilated cages and maintained on ad libitum food and water. Lights turned on at 7:00 A.M. and turned off at 9:00 P.M. All experiments were performed between 9:00 A.M. and 5:00 P.M. in 10-16 week-old male mice. Studies were in accordance with NIH guidelines and all procedures were approved by the IACUC at Emory and George Washington University.
Experimental Compounds
Mouse IL-6 monoclonal antibody (IL6Ab; clone MP5-20F3) and Normal Rat IgG (ControlAb) was obtained from R&D Systems (Minneapolis, MN, USA). All antibodies were diluted in sterile 0.9% saline and injected intraperitoneally once per day (4ug, 0.2 mL). This concentration was used based on literature demonstrating tolerability and minimal effects on motor behavior following repeated dosing (Hodes et al., 2014) .
Behavioral Approaches
Fear conditioning, extinction training and memory maintenance testing took place over five days. Two days prior to conditioning animals were habituated to the conditioning apparatus (Med-Associates; Georgia, VT, USA) in a brightly-lit room for 20 min. On the conditioning day animals were trained to 20 pairings of an auditory CS (6 kHz, 75-80dB) and an USshock (0.7 mA, 2-4 s). The CS varied 15-30 s before co-terminating with the US and the inter-trial interval varied 45-90s. This unpredictable conditioning protocol was adapted from other unpredictable conditioning paradigms (Moberg and Curtin, 2009; Walker et al., 2003) was used to model significant psychological and physical trauma that precedes the development of PTSD. In total, the conditioning phase lasted 27 min. "Naïve" animals were placed in the conditioning apparatus and exposed to an identical regimen of CS, but without the US. During both habituation and conditioning the behavioral apparatus was cleaned with 70% ethanol. In antibody experiments mice were treated with 4 μg of either IL6Ab or ControlAb in 200 uL of saline beginning the day after conditioning and ending on the day of re-exposure. Four days after conditioning all animals were placed in a novel testing chamber with a black Plexiglas floor, cleaned with 5% Roccal-D (Pfizer; New York, NY, USA) and in a different room lit only by red light. "Naïve" animals and half of the fear-conditioned animals ('CS' group) were exposed to the CS-tone. The remaining half of fear-conditioned animals ('No CS') were placed in the testing apparatus without re-exposure to the CS ( Figure 1A) . For experiments investigating immune responses to fear memory animals were exposed to 12 or 1 CS-tones (15-30 s; 45 s intertrial interval). For behavioral experiments investigating extinction animals were exposed to either an abbreviated extinction session involving 12 CS-tones or an extended extinction session involving 40 CS-tones. Memory maintenance testing was conducted the following day in the same apparatus used the previous day.
Blood Collection and Multiplex Cytokine ELISA
10 min after the final CS re-exposure (or an equivalent amount of time for animals not reexposed to the CS), animals were anesthetized with 4% isoflurane and quickly decapitated. Trunk blood was collected in EDTA-coated centrifuge tubes before being centrifuged at 1500 g (4° C) for 15 min. Isolated plasma was stored at −80° C. Plasma samples cytokine analysis was conducted by the Emory Immunoassay Core in the Department of Physiology (Atlanta, GA) for interleukin-1β (IL-1β), IL-6, interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) using multiplex cytokine ELISA assays (Meso Scale; Rockville, MD, USA). Additional cytokine multiplex assays were conducted using the Biolegend LEGENDplex kit (Cat# 740134) and Quantikine ELISA kit (Cat#M6000B R&D systems).
Western Blot
Mouse spleens were homogenized in RIPA buffer containing protease and phosphatase inhibitors (Thermo Fisher Scientific) at a ratio of 75 ul/gram tissue. After lysed on ice for 30 min, the lysates were centrifuged at 13,000 × g for 15 min at 4°C, and the supernatants were collected for further examination. For western blot, a total of 50 ug protein were separated by SDS-PAGE and transferred to nitrocellulose (NC) membranes (Bio-Rad Laboratories). After blocking with 5% non-fat milk (Bio-Rad Laboratories), blots were incubated overnight at 4 °C with anti-phospho-Stat3 (Tyr 705) antibody (1:2000, #9145, Cell Signaling) or anti-Stat3 antibody (1:2000, #12640, Cell Signaling). Secondary antibodies conjugated to horseradish peroxidase (HRP) were added to the blots and then visualized in Clarity™ Western ECL Blotting Substrates (Bio-Rad Laboratories). The blots were then quantified with the Image J software and the optic density of p-Stat3 was normalized to Stat3.
Data Presentation and Statistical Analysis
Behavioral data were analyzed with SPSS 22.0 (IBM) and GraphPad Prism 5.0 using a ttest, one-or two-way ANOVA, or a repeated-measures ANOVA. Post hoc ANOVA comparisons were made using Bonferroni test. Data in figures are presented as mean ± standard error from the mean and p values <.05 were considered statistically significant. All animals were randomly allocated into experimental and control groups and counterbalanced across groups without bias. Sample sizes were determined and consistent based on previous publications using statistical power analysis for similar experimental models and behavioral experiments. Based on pre-defined criterion (values that are more than 2 standard deviations above or below the mean) samples were excluded from some multi-plex assay analysis. All attempts at replication in data sets were successful.
RESULTS
Fear conditioning and retrieval of fear memory stimulate a peripheral cytokine response
Three groups of mice were used to determine the effect of fear memory retrieval during extinction training on cytokine release in plasma ( Figure 1A ). One-way ANOVA revealed significant between-group differences in levels of IFN-γ and IL-6, but in not levels of IL-1β 
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Author Manuscript and TNF-β ( Figure 1B-1E ) 19) =5.81, p=0.011; IL-1β: F (2,21) =0.34; p=0.715; IL-6: F (2,21) =4.82, p=0.019; TNF-α F (2,21) =0.307, p=0.739; n=7 or 8/group]. Both groups of fear-conditioned mice exhibited significantly greater levels of IFN-γ compared to non-fearconditioned controls regardless of whether they were re-exposed to the CS ( Figure 1B ) [Dunnett's: 'No CS' p=0.027; 'CS' p=0.019]. However no difference in IFN-γ was observed between fear-conditioned groups. Plasma levels of IL-6 in the 'Naïve' group differed only from those in fear-conditioned mice that were re-exposed to the CS ( Figure 1D ) [Dunnett's: 'No CS' p=0.942; 'CS' p=0.019]. To determine whether other IL-6 related pro and antiinflammatory cytokines were changed following CS exposure additional peripheral cytokines were analyzed at multiple time-points (0 and 60 min) following CS exposure (Supplemental Figure 1) . These data show that following CS exposure the elevated cytokine response is transient showing increased levels at 0 and 10 min post CS but not 60 minutes following CS exposure. Moreover, phosphorylation of STAT3, a primary transcriptional effector of IL-6 receptor activation, was significantly increased in the spleen, a principal peripheral immune organ, immediately following 12 CS exposure but not 60 minutes post-CS ( Figure S1 ) [t (14) =2.23, p=0.04; n=8/group].
Genetic and pharmacological inhibition of IL-6 improves the maintenance of fear memory extinction following brief, but not prolonged, extinction training
Conditioned freezing behavior was increased across the conditioning session in both wildtype (WT) mice and mice congenitally lacking IL-6 (IL-6 −/− ) but there was no main effect of genotype on freezing behavior ( Figure 2b) learning and memory processes that take place during and soon after fear conditioning ( Figure 3a ). No differences in conditioned freezing were observed between the two treatment during the 12 CS extinction training session ( Figure 3c ) [F (5,18) =31.47, P< 0.001 for main effect of CS trial; F (1, 22) =2.83, P=0.096 for main effect of treatment; F (5, 18) =0.108, P=0.995 for interaction; n=12/group]. Similar to the previous experiment ( Figure 2 ), both groups exhibited significant within-session extinction of conditioned freezing at the end of the of the re-exposure session [CS1 vs. CS6: p<0.001] (Figure 2c and 3c ). However, during extinction testing 24 h after extinction training, IL6Ab-treated mice exhibited less conditioned freezing than ControlAb-treated mice (Figure 3d) To determine whether timing and duration of IL6Ab administration affects fear memory extinction, a separate group of mice were treated with ControlAb or IL6Ab for only two days prior to extinction training ( Figure 3a ; 'Acute Ab Treatment'). Both groups exhibited similar levels of conditioned freezing to one another during extinction training and during the extinction testing sessions (Figure 3e) ControlAb or IL6Ab was administered to a separate group of fear-conditioned mice for four days leading up to extinction training with 40 CS tones (Figure 4a ). Although some differences in conditioned freezing were observed between treatment groups during the latter half of extinction training, overall, IL6Ab treatment did not significantly alter conditioned freezing across the prolonged 40 re-exposure trials relative to ControlAb group (Figure 4b) [F (5, 15) =8.03, p=0.007 for main effect of trial; F (1, 19) =2.54, p=0.135 for main effect of treatment; F (5,15) =1.33, p=0.357 for interaction; n=10 or 11/group]. In contrast to extinction training with 12 CS, IL6Ab treatment did not significantly alter conditioned freezing during the fear extinction test compared to ControlAb the following day (Figure 4c ). Although a significant main effect of antibody treatment on conditioned freezing was observed, post-hoc analysis did not reveal significant differences at any time point [F (1, 19) 
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Prolonged fear extinction training diminishes both the fear response and the IL-6 response to aversive conditioned stimuli A separate group of fear-conditioned mice either underwent lasting fear memory extinction training by re-exposure to 40 CS tones ('Ext') or were placed in the extinction apparatus without re-exposure to the CS tones ('No Ext') ( Figure 5a ). Mice that underwent prolonged extinction training exhibited significantly lower levels of 12 CS-induced plasma IL-6 than No Ext controls during extinction testing the following day (Figure 5b) [t (14) =2.86, p=0.029;
n=8/group]. Moreover, when levels of freezing during the 12 CS re-exposures and levels of plasma IL-6 taken afterward were compiled, a significant correlation between conditioned freezing during re-exposure and the amount of IL-6 released was revealed [r 2 =0.328, p=0.02; N=16] (Figure 5c ).
A single CS re-exposure increases circulating IL-6 levels that are not required for reconsolidation of fear memory
Fear memory maintenance after retrieval can be affected by modulating extinction learning or memory reconsolidation. We therefore examined the relationship between IL-6 and a brief CS re-exposure in regulating fear memory maintenance. Similar to the effect of 12 CS, re-exposing fear-conditioned mice to a single CS resulted in a rapid elevation of plasma IL-6 ( Figure 6b ) [t (14) =3.11, p=0.008; n=8/group]. WT and IL-6 −/− mice exhibited similar amounts of conditioned freezing in response to a single CS re-exposure ( Figure 6c ) and also similar maintenance of fear memory the following day (Figure 6d-e ). These results were replicated when mice were treated with either ControlAb or IL6Ab in the days between fear conditioning and re-exposure (Figure 6f-h ), suggesting that IL-6, despite being elevated following a single CS exposure, does not contribute to the conditioned freezing response or memory maintenance in the absence of extinction training.
DISCUSSION
Despite the current understanding of IL-6 in the generalized stress response far less is known in respect to its role fear learning behavior. Limited research to date has either identified an immune response to fear-eliciting stimuli or demonstrated that immune signals can affect fear memory. Here we report that peripheral levels of IL-6 increase soon after fear memory retrieval and this is dependent on timing following CS exposure and extent of extinction training. We also demonstrate that inhibiting IL-6 by pharmacological or transgenic approaches during extinction training improves the lasting strength of extinction learning. These observations are relevant to individuals with PTSD who exhibit altered immune signaling and also suffer from persistent and powerful memories of trauma even after threat cues no longer predict harm.
Several observations here support peripheral IL-6 as a distinct immunological component of the biological fear response. A powerful fear conditioning procedure did not persistently affect plasma levels of IL-6 despite the repeated physical and psychological stress. The initial pro-inflammatory cytokines measured in the present study included IFN-γ, IL-1β, IL-6, and TNF-α. Only levels of IFN-γ were elevated in plasma days after fear conditioning. Similar increases in baseline IFN-γ have been observed in individuals with PTSD, supporting the hypothesis that IFN-γ represents a lasting immunological marker of acute trauma (Breen et al., 2015; J. Zhou et al., 2014) . Changes in brain levels of IL-1β and TNFα have been observed days after a single fear-conditioning session, but similar baseline changes in the periphery are not observed in the present study or elsewhere (M. E. Yu et al., 2016) . Although baseline plasma levels of IL-6 were unchanged days after conditioning, we and others observed that plasma IL-6 quickly increases following reexposure to an aversive non-physiological CS (D. Zhou et al., 1993) . Rapid fear-induced increases in plasma IL-6 have also been observed in humans exposed to the threat of an impending electrical shock (Breznitz et al., 1998) , suggesting that the anticipation of harm mobilizes the IL-6 response. Further supporting this hypothesis, extinguishing the fear response in the current study significantly diminished the IL-6 response to the aversive CS. Also, CS-induced elevations in plasma IL-6 correlated with the amount of fear behavior elicited by re-exposure to the CS. Combined with the observation that IL-6-deficient mice exhibited similar fear memory expression to WT mice, these data support the hypothesis that re-living highly traumatic fear memory results in an exacerbated immune response (Baker et al., 2001; Gola et al., 2013; Jergović et al., 2014; Lindqvist et al., 2014) .
Given that IL-6 is pleiotropic cytokine, having both pro-and anti-inflammatory properties, we examined other pro-inflammatory cytokines at different time-points following fear exposure (Hunter and S. A. Jones, 2015) . In these studies, we observed increases in both IL-6 and IL-6-related pro-inflammatory plasma cytokines immediately following CS exposure up to 10 minutes, but not beyond 60 minutes, suggesting a transient time dependent affect. In addition, phosphorylation of STAT3, a primary transcriptional effector of IL-6 receptor activation, was significantly increased in the spleen, a principal peripheral immune organ, immediately following CS re-exposure, but not 60 minutes post CS. These data extend our IL-6 plasma cytokine data and provide further evidence for an important role of peripheral immunity and IL-6 signaling in fear recall. Based on these data we speculate that peripheral IL-6 signaling, through an undetermined pathway and mechanism, maybe altering a critical period of consolidation of extinction during this short-term period of fear recall.
Inhibition of IL-6 signaling in the current study appeared to facilitate the maintenance of within-session fear memory extinction the following day. We utilized an abbreviated 12-CS extinction training procedure because it resulted in significant within-session extinction that did not robustly persist the following day. 12 CS re-exposures also resulted in rapid elevation of plasma IL-6. The limited effect of IL-6 inhibition on the retention of extinction memory following 40 CS re-exposures was likely due to a floor effect on the extinction of conditioned freezing maintained the following day. Interestingly, congenital IL-6 deletion affected maintenance of within-session extinction with 12 CS, but did not affect fear conditioning or the expression of conditioned freezing during the extinction session. Pharmacological inhibition of IL-6 initiated after the memory consolidation window for fear conditioning also improved extinction retention without affecting extinction acquisition, suggesting that the effect of IL-6 on fear memory occurs during the consolidation and not the encoding of extinction memory. Improvement of extinction retention by both genetic and pharmacological inhibition of IL-6 are likely due to their effects on peripheral IL-6 only, as systemically-administered IL6Ab is unlikely to cross the blood-brain barrier. The four-day regimen of IL6Ab treatment was based upon previous literature demonstrating its effectiveness (Hodes et al., 2014) . Indeed, IL6Ab's effect on extinction retention was abolished when we began administration only the day before extinction training. In contrast to the effects of IL-6 inhibition, central administration of IL-6 prior to extinction training has been observed to impair within-session extinction acquisition (Hao et al., 2014) . This indicates that, although normal extinction acquisition does not require IL-6, it can be impaired by abnormally high IL-6 levels in the brain.
Although re-exposure to either 1 or 12 CS rapidly increased plasma levels of IL-6, we are confident that the effect on IL-6 inhibition on fear memory is due to regulation of extinction and not reconsolidation. As re-exposures to a CS accumulate, the brain transitions from reconsolidation processes to extinction processes (Monfils et al., 2009 ). Both 1 and 12 CS re-exposures increased plasma IL-6 levels, but IL-6 inhibition affected fear memory the following day only when within-session extinction to 12 CS was observed. Therefore, the effect of IL-6 inhibition of fear memory maintenance is likely due to an effect on extinction and not on reconsolidation of fear memory. A relationship between IL-6 and the maintenance of fear memory extinction has previously been alluded to in studies of vagus nerve stimulation. Vagal nerve stimulation during shortened fear memory extinction training improves lasting extinction retention in rodents (Peña et al., 2013) and has effects on neuronal excitability in the medial prefrontal cortex (Garcia-Oscos et al., 2015) and brainstem regions (Johnson et al., 2016) . The medial prefrontal cortex is a key site for the extinction of fear memory, and may therefore represent a key site the effect of fear-induced IL-6 release on fear memory extinction (Milad and Quirk, 2012) .
How peripheral increases in IL-6 affect the maintenance of fear memory extinction processes is beyond the scope of the findings of the current study. However, because systemically-administered IL6Ab is unlikely to cross the blood-brain barrier in its bound or unbound state, and whether peripherally-released IL-6 directly affects extinction processes in the brain is unclear. Local cytokine release in the brain by microglia could potentially play a role in fear memory maintenance, as stimuli that induce peripheral cytokine release typically also have the same effect in the brain. For example, upregulation of TNF-α, IL-1β and IL-6 is observed in the hippocampus days after fear conditioning, and can be reversed by complete extinction training (Scholz et al., 2016; Yu et al., 2016) . Administration of either IL-6 or interferon-α in the amygdala prior to extinction training impairs fear extinction memory (Bi et al., 2016; Hao et al., 2014) , and inflammatory stimuli alter synaptic activity in the prefrontal cortex via increased local IL-6 signaling (Garcia-Oscos et al., 2015) . While the blood-brain barrier would have prevented IL6Ab from inhibiting IL-6 locally-derived in the brain, peripherally-released IL-6 may still regulate central cytokine signaling in the brain through a variety of indirect mechanisms.
One potential indirect pathway through which IL-6 may regulate the maintenance of extinction processes in the brain is through T lymphocytes (Hundhausen et al., 2016; G. W. Jones et al., 2010; Nish et al., 2014) . A growing body of literature indicates that peripheral T lymphocytes contribute to normal memory function (Kipnis et al., 2012) . In particular, mice that lack peripheral T lymphocytes exhibit impaired fear memory maintenance (Clark et al., 2016) .
Regulation of learning by T lymphocytes is hypothesized to exert its influence through lymphocyte infiltration and/or their release of cytokines across blood-meningeal and bloodbrain barriers (Kipnis, 2016) . However, it is unclear how T lymphocytes signal across these largely impermeable barriers during learning. Notably, blood-brain barrier permeability is increased within minutes of peripheral or central IL-6 administration (Paul et al., 2003; Saija et al., 1995) , and systemic IL-6 administration increases markers of brain permeability in the frontal cortex, hippocampus and hypothalamus that were not observed in response to IL-1β (Saija et al., 1995) . Future studies should explore central IL-6 signaling and potential role of T lymphocytes in the extinction of fear memory. Whether IL-6-deficient mice exhibit different peripheral and central T lymphocyte responses to fear memory retrieval is unknown but may shed light on the significance of altered T lymphocytes signaling in individuals with PTSD (Jergović et al., 2014; Lemieux et al., 2008) .
Individuals with PTSD exhibit alterations in IL-6 markers that correlate with the response to psychological stress (Baker et al., 2001; Newton et al., 2014) . However, the biological relevance of these markers to the symptoms of PTSD is unclear. We address this question by demonstrating that peripheral levels of IL-6 respond to the retrieval of fear memory and that IL-6 signaling is essential to the future maintenance of within-session fear memory extinction. The latter is of particular importance, as the persistence of powerful fear memory in PTSD has been theorized to result from an inability to completely extinguish the fear response (Rothbaum et al., 2014) . Potentiated IL-6 signaling consistently observed in PTSD (Baker et al., 2001; Gola et al., 2013; Jergović et al., 2014; Lindqvist et al., 2014) may maladaptively inhibit the maintenance of fear memory extinction in PTSD each time a traumatic experience is remembered.
Additional future studies aimed at understanding the mechanism for IL-6 in fear learning and extinction, such as the cell source and trigger for IL-6 synthesis, secretion and associated downstream signaling pathways, will be important for evaluating this pathway as a potential therapeutic target for PTSD. Our findings directly suggest that fear memory extinction could be enhanced in PTSD patients by disrupting the IL-6 signaling axis. Moreover, these data support recent literature suggesting an important role for targeting peripheral IL-6 in the pathogenesis of depression, a common mood disorder that often occurs following trauma (Zhang et al., 2017) . Indeed, FDA-approved biologics that antagonize IL-6 (siltuximab) or the IL-6 receptor (tocilizumab) may offer an attractive, novel avenue for rapidly translating our findings into a viable treatment paradigm for PTSD and related co-morbidities. 
Figure 1.
Rapid effect of fear memory retrieval on plasma cytokine levels. a Study design. b-e Plasma levels of IFN-γ, IL-1β IL-6 and TNF-α 10 minutes after mice were removed from the reexposure apparatus. "Naïve" mice were not fear-conditioned, but were re-exposed to the CS. "No CS" mice were fear conditioned, but were not re-exposed to the CS while in Context B. "CS" mice were both fear conditioned and re-exposed to the CS. (n=7-8/group) *P<0.05. Prolonged extinction training has lasting effect on peripheral and central IL-6 signaling. a Study design. b Correlation between plasma levels of IL-6 after 12 CS re-exposures and total average freezing in response to those 12 CS (N=16). c Plasma IL-6 response to 12 CS in fear-conditioned mice exposed to either extinction training with 40 CS (Ext) or to 0 CS (No Ext) (n=8/group). IL-6 is not required for the reconsolidation of fear memory. a Study design. b Plasma levels of IL-6 in fear-conditioned mice re-exposed to 0 (No CS) or 1 CS. c Conditioned freezing in response to 1 CS in WT and IL-6 −/− mice. d Conditioned freezing of WT and IL-6 −/− mice in response to each of 4 CS presented 24 hours after initial re-exposure. e Conditioned freezing averaged across 4 CS re-exposures during test. f Conditioned freezing in response to 1 CS re-exposure in ControlAb-and IL6Ab-treated mice. g Maintenance of fear memory in ControlAb-and IL6Ab-treated mice during each of 4 CS in a test of reconsolidation h and averaged across 4 CS. (n=8/group). ^P<0.01.
